Abstract In this paper the sediment delivery relationship, i.e. the relationship between the basin sediment delivery ratio SDR W and the sediment delivery ratio SDRj of each morphological unit, i, into which a basin is divided, is firstly tested using morphological data (length, steepness and area of each unit) from six Sicilian and three Calabrian basins. Then a coefficient a of the sediment delivery relationship is related to several channel network parameters affecting the sediment transport efficiency. Finally, the spatial distribution of l37 Cs activity measured in a small Australian basin is used for validating the predictive capability of the proposed distributed approach to sediment delivery.
INTRODUCTION
The prediction of the quantity of sediment which is transferred, in a given time interval, from eroding sources through a channel network to a basin outlet can be undertaken by coupling a soil erosion model with a mathematical operator expressing the sediment transport efficiency of the hillslope and of the channel network.
If the process is studied at the mean annual temporal scale, a sediment lag between basin sediment yield and soil loss exists and is usually represented by the spatially lumped concept of basin sediment delivery ratio SDR W (Walling, 1983) . The sediment delivery ratio SDR W generally decreases with increasing basin size because average slope decreases with increasing basin size and large basins also have more sediment storage sites located between sediment source areas and the basin outlet (Boyce, 1975) . At the mean annual temporal scale, SDR W generally assumes values less than unity (ASCE, 1975; Renfro, 1975; Bagarello et ai, 1991) ; at the storm scale, eroded sediment can be deposited in the hillslopes or in the channel network and can be reworked in a following event yielding sediment delivery ratio values greater than one.
Since sediment is produced from different source areas distributed throughout a basin, sediment delivery processes have to be modelled by a spatially distributed criterion. For modelling the spatial disaggregation of the sediment delivery processes the basin has to be discretized into morphological units (Bagarello et al, 1993) , i.e. areas of clearly defined length and steepness.
Sediment transport on the basin hillslopes is a physical process distinct from transport within the channel network. Therefore hillslope and channel sediment delivery processes have to be considered and modelled separately (Atkinson, 1995) .
At the mean annual temporal scale the sediment delivery problem can be simplified if the channel component is neglected. According to Playfair's law of stream morphology (Boyce, 1975; Richards, 1993) over a long time a stream must essentially transport all sediment delivered to it. In other words, the transport capacity of the river flow is not a limiting factor and sediment delivery losses occur at the hillslope scale only.
The delivery effects into the channel system can be neglected for small basins in which well-developed floodplains do not exist. Under this hypothesis, Ferro & Minacapilli (1995) suggested taking into account the within-basin variability of the sediment delivery processes by calculating the sediment delivery ratio SDR t of each morphological unit into which the basin is divided. According to those authors, the SDR[ coefficient, which is a measure of the probability that the eroded particles are transferred from the morphological unit under consideration to the nearest stream reach, can be expressed as follows:
(1) in which t pi is the travel time of each morphological unit, l pJ and s pi are the length and the slope of the hydraulic path ( Fig. 1) , /? is a coefficient which is assumed constant for a given basin, N p is the number of morphological units localized along the hydraulic path, and A u and s tJ are the length and slope of each of the j morphological areas.
The sediment balance equation, indicating that the sediment yield at the basin outlet is equal to the sum of the sediment produced by all morphological units into which the basin is divided, allows the relationship SDR W = <f>(J3) to be obtained. Ferro & Minacapilli (1995) showed that this relationship is independent of the soil erosion model and that the p coefficient can be estimated by the following equation using only morphological data: in which Xj and s t are the length and the slope of the ith morphological unit, S uj is the area of the z' th morphological unit and N u is the number of morphological units into which the basin is divided. For each basin, the pairs {ft, SDRJ calculated by equation (2) using SDR W values ranging from 0 to 1 can be represented by the following fitted relationship:
in which a is a constant estimated by least squares. For a given j3 value, high a values correspond to basins characterized by low sediment delivery ratio SDR W values; in other words the a coefficient can be used as an "indicator" of hillslope sediment transport efficiency.
In this paper the sediment delivery equation (3) is tested by analysing six Sicilian basins, with 21 sub-basins, and three Calabrian basins. Then, using the morphological data for the basins investigated by Ferro & Minacapilli (1995) , the a coefficient values are also related to several channel network parameters affecting sediment transport efficiency. Finally, the spatial distribution of 137 Cs activity measured in a small Australian basin is used for validating the predictive capability of the proposed sediment delivery distributed approach.
THE SEDIMENT DELIVERY RELATIONSHIP AND CHANNEL NETWORK PARAMETERS
For testing the sediment delivery relationship of equation (3) Table 1 , the analysis confirmed the suitability of equation (3) to represent the sediment delivery relationship. Table 1 also lists the a value of each investigated basin or sub-basin and values of a parameter ft* defined below.
For a given morphological unit i, the probability that the eroded particles arrive into the nearest stream reach is assumed proportional to the probability of nonexceedence of the travel time t pi (Ferro & Minacapilli, 1995) . According to this concept the following relationship is deduced from equation (1):
in which F, is the empirical frequency of non-exceedence of the travel time t pJ . For a given basin, the empirical cumulative frequency distribution (CDF) of the travel time t pJ of each morphological unit is calculated. Then by using the CDF of the defined f5\ variable (equation (4)), each basin is characterized by the median fl\ value, /?*, obtained for a frequency value F{fi\) equal to 0.5 (Table 1 ). Figure 4 confirms that, for the basins investigated, the variable 1000a/?* is largely independent of the basin area S w and assumes a median value equal to 0.62.
The sediment transport efficiency of the hillslopes increases for decreasing values of the median travel time of the morphological units into which the basin is divided. According to the definition and criterion for calculating the morphological unit travel time, the sediment transport efficiency is affected by basin size and slope and some properties describing the river network such as the total length of streams or the number of stream sources.
In fact, when the basin size, described by basin area or main channel length, increases the hydraulic paths increase too; in other words the sediment transport efficiency decreases because there is an increase in both the probability that the eroded particles will stop along the path from the area under consideration to the nearest stream reach, and the number of sediment storage sites located in the basin. For a given basin area the sediment delivery coefficient SDR W decreases when the basin becomes flatter. In fact for decreasing slope values the hillslope velocity values decrease and sediment deposition processes are favoured.
For a given basin area and slope, the sediment delivery processes are affected by the plan feature of the stream network. In fact the shortest travel paths from the area considered to the first stream reach correspond to stream networks which are increasingly branching. Consequently, for comparing basin having different sizes, an index of the number of streams per unit area has to be considered.
For characterizing the branching configuration of a channel network the number of stream sources p., named magnitude, can be used (Shreve, 1967) . According to the Shreve ordering scheme (Shreve, 1966 (Shreve, , 1967 ) the total length of streams Z is proportional to the total number of links of the channel network which is equal to (2ju-1). In other words for representing the drainage density the ratio (2// -1)/S W can be assumed. Following Shreve's scheme which represents the channel network as a branching tree with neither lakes nor islands, only the basins respecting this rule will be considered in the following analysis.
A comparison between equations (2) and (3) clearly shows that the a coefficient depends on the travel time l pi /Js pl of each morphological unit into which the basin is divided and therefore the hydraulic path from each morphological unit to the nearest stream reach has to be recognized. The median travel time into the morphological unit, t m , requires a knowledge of the CDF of the variable A,,./*, 0 ' 5 . Figure 5 shows the pairs (mÇkJsf 3 ), à), in which miX^s? 3 ) is the median value of the variable XJsf 5 which represents the median travel time, t m , into the morphological unit, and the following relationship:
which is characterized by a correlation coefficient r = 0.824 and a mean square error MSE equal to 0.056. Figure 5 confirms (Ferro & Minacapilli, 1995) that the sediment transport efficiency of the hillslopes decreases (the a coefficient increases) for increasing t m values. Table 2 also lists, for each basin investigated, some characteristic variables of the drainage area-area S w (km 2 ), perimeter P (km), mean slope s-and of the channel network-total stream length Z (km), main channel length L (km) and magnitude juwhich were used for the correlation analysis.
The statistical analysis showed that equation (5) is improved if the hillslope sediment delivery efficiency, represented by the coefficient a, is linked to the plan feature of the channel network by a drainage density index such as (2// -1)/5 W ( Fig. 6) :
which is characterized by a correlation coefficient R = 0.843 and a mean square error MSE equal to 0.053. (Table 1 ) and values calculated using equation (6). Figure 7 shows that the residual e, equal to the difference between the a values listed in Table 2 and the ones calculated by equation (6), are distributed normally. 
VALIDATING THE SEDIMENT DELIVERY DISTRIBUTED APPROACH
For a given basin discretized into morphological units, coupling a plot soil erosion model parameter such as USLE (Wischmeier & Smith, 1965 ) and a spatially distributed approach for modelling sediment delivery such as equation (1), the spatial distribution of sediment yield can be obtained.
To validate the predictive capability of this sediment delivery distributed approach, a measurement technique able to quantify patterns of soil movement at the hillslope scale has to be used. The caesium-137 technique has been used to trace the movement of soil particles in a wide variety of environments (Campbell et al., 1986; De Jong et al, 1983; Ritchie & McHenry, 1990; Ritchie et al., 1974; Walling & Quine, 1991 Cs is strongly adsorbed on clay and organic particles and is essentially nonexhangeable (Rogowski & Tamura, 1965 , 1970 , subsequent redistribution of caesium-137 reflects sediment movement. If little or no soil loss has occurred, the total 137 Cs loading will remain similar to that at the local reference site, Cs re/ , which is an undisturbed site (no erosion or deposition) where the original fallout activity still remain. Where soil erosion has occurred, 137 Cs will also have been lost, leading to a reduced loading with respect to the Cs re/ value. Conversely, where soil deposition takes place, an increase in 137 Cs activity will be found. The geostatistical analysis of local 137 Cs activity measurements yields the 137 Cs spatial distribution which is correlated with the mean annual sediment yield spatial distribution (Campbell et al, 1986; Ritchie & McHenry, 1990; Ritchie et al, 1974; Walling & Quine, 1991 .
Recently Morris & Loughran (1994) , for a small basin located in the Hunter valley, New South Wales, Australia, sampled at 61 sites (intersections of a 15 m (downslope) by 20 m (across) grid) for 137 Cs and soil properties measurements (percentage of clay, silt and sand, organic matter content (%), bulk density, etc.). For this small Australian basin long term sediment conveyance losses into the channel system can be considered negligible. In other words, for this basin the delivery effects are due to the displacement of the eroded particles, along the hydraulic path from each morphological unit under consideration to the nearest stream reach. Therefore the measured spatial distribution of 137 Cs activity can be usefully used for validating the predictive capability of the proposed distributed approach to sediment delivery. In particular the correlation between the sediment yield of each morphological unit, calculated by the RUSLE equation and by equation (1), and the 137 Cs loss can be tested. The soil erodibility factor K [t ha" 1 per unit R] of each soil sample was calculated according to the Wischmeier et al. (1971 ) nomograph (Loch & Rosewell, 1992 , assuming the percentage of fine particles equal to silt (%), the percentage of gross particles equal to sand (%), a structure index (subangular blocky structure) equal to 4 and a permeability index (sandy loam texture) equal to 5. Figure 8 shows the comparison of the empirical cumulative frequency distribution (CDF) of the soil sample K values with a normal (Gauss) distribution having a mean value ju(K) and a standard deviation o(K) equal to the sample values (ju(K) = 0.2514, o(K) = 0.0395). According to this result the basin was characterized by a single representative K value, K h , equal to the mean sample value of 0.2514. The basin was divided into 33 morphological units and for each one the topographic factor L,5, of the RUSLE model (Renard et al., 1994) was calculated by the following relationships (McCool et al., 1989) : A., L S S, = 22.13.
(l 6.8 sin a, -0.5) if tana/ > 0.09
in which a/ is the slope angle of the z' th morphological unit and m i = fj{\ + f t ) with /. = sina,/0.0896(3sin 08 a, + 0.56).
With the exception of three trees located in the north part (morphological units 3 and 7), the basin is covered by grass species. In other words the basin has to be considered characterized by a uniform crop cover and the same crop and cover factor value, C, can be used for each morphological unit. Management works are not carried out in the basin and therefore the support practice factor of each morphological unit P, was assumed equal to one.
The sediment yield Y h expressed in t per unit R and C, of each morphological unit, i, is given by:
-'P,I J while the sediment production of a given basin Y b (t per unit R and Q is equal to the sum of the sediment yields produced by all morphological units into which the basin is divided:
PJ J Furthermore for the experimental basin used by Morris & Loughran (1994) the a coefficient of the sediment delivery relationship is equal to 0.052.
By using the 61 sample 137
Cs measurements and a kriging interpolation method the caesium-137 spatial distribution was obtained (Fig. 9) Cs contour lines falling in the morphological area considered and, according to Morris & Loughran (1994) , a reference value Cs re/ equal to 110 (mBq cm" 2 ). The particular choice of fi coefficient does not affect the correlation between Y i and LCSj because /3 is assumed constant for a given basin. Figure 11 shows, for three sub-basins and the whole basin (outlets 1, 2, 3 and 4 in Fig. 9 ), the correlation between the basin sediment production Y b (kg per unit R and C) and the corresponding total caesium-137 loss LCs b (mBq) obtained summing the caesium-137 loss LCs, of all morphological units into which the considered basin is divided.
In conclusion, for the small Australian basins investigated, the spatially measured 137-caesium activity positively validates the predictive capability of the proposed sediment delivery distributed approach.
CONCLUSIONS
For evaluating the quantity of sediment which is transferred, in a given time interval, from eroding sources through a channel network to a basin outlet, a soil erosion model can be coupled with a mathematical operator expressing the sediment transport efficiency of the hillslopes and the channel network. Since sediment are produced from different source areas distributed throughout the basin, the sediment delivery processes have to be modelled by a spatially distributed criterion.
In this paper the sediment delivery relationship, i.e. the relationship between the basin sediment delivery ratio SDR W and the sediment delivery ratio SDR t of each morphological unit into which the basin is divided, is tested by analysing six Sicilian (with 21 sub-basins) and three Calabrian basins.
The analysis confirmed that the sediment delivery relationship can be represented by an exponential relationship between SDR W and the /? coefficient appearing in the theoretically based equation for evaluating SDRj .
The a coefficient appearing in the exponential sediment delivery relationship is an "indicator" of the hillslope sediment transport efficiency and it increases with the median travel time into the morphological unit.
Since for given basin area and slope sediment delivery processes are affected by the plan feature of the stream network, the a coefficient values were related to some channel network parameters affecting the sediment transport efficiency. For comparing basins having different sizes an index of the number of streams per unit area was considered.
Finally, for validating the predictive capability of this sediment delivery distributed approach a measurement technique able to quantify patterns of soil movement at the hillslope scale was used.
For a small Australian basin the spatial distribution of 137-caesium activity was obtained by using 137 Cs measurements of soil samples and a kriging interpolation method.
The basin was divided into 33 morphological units and for each one the factors of RUSLE model were evaluated. The comparison between the calculated sediment yield values and the corresponding 137-caesium loss positively validates the predictive capability of using RUSLE and the proposed sediment delivery distributed approach.
